We observed five central stars of planetary nebulae (CSPN) in the Large Magellanic Cloud (LMC) and three in the Small Magellanic Cloud (SMC) with the Far Ultraviolet Spectroscopic Explorer (FUSE), in the range 905-1187 Å. We performed a model-based analysis of these spectra in conjunction with Hubble Space Telescope (HST) spectra in the UV and optical range to determine stellar and nebular parameters. The signature of hot (T 2000 K) circumstellar molecular hydrogen is found in the FUSE spectra of most objects. We also find evidence of X-rays in the wind of LMC-SMP 76.
1. INTRODUCTION Central Stars of Planetary Nebulae (CSPN) residing in the Magellanic Clouds (MCs) are an important asset to the study of CSPN evolution for two main reasons: their distances are well constrained, allowing their physical parameters (e.g., radius and luminosity) to be determined with much less uncertainty than their Galactic counterparts, and the metallicities of their host galaxies are lower than in the Milky Way. Metallicity is expected to influence a star's evolution by setting the efficiency of radiative driving during the phases when the star has a stellar wind: the asymptotic giant branch (AGB) phase, the post-AGB phase, and the [Wolf-Rayet] phase ([WR] ). Higher metallicity, and thus wind radiative acceleration, should increase the star's mass-loss rate and wind velocity, altering the layers exposed and chemical yields as well as the kinematics of the nebular shell. This has implications for galaxy evolution, through chemical enrichment and the dynamic interactions between the star's ejected material and the surrounding interstellar medium (ISM). The large fraction of stars that pass through these phases make their contribution to the galactic chemical evolution significant (see, e.g., Marigo et al. 2001 for a discussion).
The far-UV wavelength range is useful for studying hot PN nuclei, as they emit the bulk of their observable flux in this range, and it contains many strong lines which are diagnostics of stellar parameters. It is also uncontaminated by nebular continuum emission (Bianchi et al. 1997; Herald & Bianchi 2004a ), which affects wavelengths longer than Lyα, allowing us to characterize the physical parameters of both the nebular and central star components through detailed quantitative modeling.
Motivated by the above considerations, we (Herald & Bianchi 2004a -hereafter, HB04 ) performed a spectroscopic analysis on far-UV and UV data of seven CSPN in the Large Magellanic Cloud (LMC) using data taken with the Far-Ultraviolet Spectroscopic Explorer (FUSE) . As a continuation of that work, we have obtained FUSE observations of five additional LMC CSPN (Bianchi' program) and three Small Magellanic Cloud (SMC) CSPN (Bianchi's C056 program) . These targets were selected from those expected to be the brightest (in the far-UV) from the photoionization studies of Dopita & Meatheringham (1991a,b) ; Dopita et al. (1997) ; Vassiliadis et al. (1996 Vassiliadis et al. ( , 1998a . The additional LMC targets (D034) were selected to expand the temperature coverage of the HB04 LMC sample to higher temperatures, and with the SMC sample we gain objects in a much lower metallicity environment. Together with the LMC sample of Bianchi's FUSE proposal B001, analyzed by HB04, these programs cover all the known CSPN in the MC observable by FUSE. Our analysis is similar to that of HB04, and the reader is referred to that work for more details and background information. This paper is arranged as follows. The observations and data reduction are described in § 2. A comparison of the spectra of the objects is presented in § 3. Our models and parameter determinations are described in § 4. Individual object results are presented in § 5. The implications of our results are discussed in § 6 and our conclusions in § 7.
OBSERVATIONS AND REDUCTION
For this work, we used far-UV spectra taken with FUSE and archive UV and optical spectra taken with the Hubble Space Telescope's (HST) Faint Object Spectrograph (FOS) or Space Telescope Imaging Spectrograph (STIS), which we now describe.
Far-UV Spectra
The FUSE observations (programs C056 and D034) of our sample stars are summarized in Table 1 . They are some of the dimmest stellar objects yet observed by FUSE, and necessitated long integration times. FUSE covers the wavelength range 905-1187 Å at a spectral resolution of R ≈ 20, 000 (∼ 15 km s −1 ). The instrument is described by Moos et al. (2000) and its on-orbit performance is discussed by Sahnow et al. (2000) . FUSE collects light concurrently in four different channels (LiF1, LiF2, SiC1, and SiC2), each of which is divided into two segments (A & B) recorded by two detectors, covering different subsets of the above range with some overlap. We used FUSE's LWRS (30 ′′ ×30 ′′ ) aperture. These data, taken in "time-tag" mode, have been calibrated using the FUSE data reduction pipeline, efficiency curves and wavelength solutions (CALFUSE v2.4) .
The spectra of these targets suffer from significant contamination from terrestrial airglow lines (such as O I and N I), and scattered solar emission features (O VI λλ1032,38 and C III λ1175), which often interfere with the spectroscopic analysis by obscuring the stellar features. For the LMC sample, we use "night-only" data (i.e., taken when the spacecraft was on the dark side of the Earth), which minimize this contamination, although some residual airglow lines (typically O I) can still appear (an example of the difference between day and night observations can be found in HB04).
Because of their faintness, most of our targets required many orbit-long exposures, each of which typically had low count-rates and thus signal-to-noise ratios. Each calibrated extracted sequence was checked for unacceptable count-rate variations (a sign of detector drift), incorrect extraction windows, and other anomalies. Segments with problems were not included in further steps. The default FUSE pipeline attempts to model the background measured off-target and subtracts it from the target spectrum. In some cases, the background is taken to be the model scattered-light scaled by the exposure time.
All the "good" calibrated segments/exposures were combined using FUSE pipeline routine and overlapping ranges of the different channels were then compared for consistency. There are several regions of overlap between the different channels, and these were used to ensure that the continuum matched. For the fainter targets, often the continuum levels for different detectors did not agree. The procedure we typically adopted was to trust the LiF1a absolute flux calibration (which is the most reliable - Sahnow et al. 2000) , and scale the flux of the other detectors if needed. The LiF1b segment is sometimes affected by an artifact known as "the worm" (FUSE Data Handbook v1.3) and was omitted if the effect was found to be severe. The SiC1 detector seemed frequently offtarget, and other segments offered higher S/N data in the same range, so its data was often not used. In the end, we typically used the SiC2 data for wavelengths below ∼ 1000 Å. Longwards of 1080 Å LiF2a data was employed. For the intermediate region (i.e., 1000-1080 Å), data from LiF1b, LiF2b, or both were used (data from one segment was omitted if it was discrepant with that of the SiC detectors). The region between 1083 and 1087 Å is not covered by the LiF detectors, and as the SiC detectors in this range were off-target, we have omitted this region (appearing as gaps in the plots). Table 1 shows which segments and portions were used for the combined spectrum. Data from near the detector edges were also omitted if they looked inconsistent.
Some individual objects warrant more discussion. The SMC observations had numerous difficulties. These observations occurred during a period of time after FUSE lost one of its reaction wheels, affecting its pointing, but before jitter correction had been introduced into the FUSE calibration pipeline to account for such effects. For SMC-SMP 1, it appears only the LiF1 was aligned with the central star with any reliability (the fine error sensor camera, used for guiding, is part of the LiF1 channel, so the location of the source is always aligned in the LiF1 apertures). Other detectors seemed to have gathered nebular emission lines with little or no stellar continuum for this object. We therefore only present the LiF1 data for this object but note that the LiF1b (longer wavelength) segment is often affected by "the worm" (see above).
Although the worm is not obviously present in the LiF1b observations of this object, the low count rate prevents a definitive statement regarding this. During the observation of SMC-SMP 22, there was significant target drift as evidenced by inconstant count rates, and the LiF2 and SiC2 detectors seem to have been off-target. It also appears that another star was present in the aperture during much of the observation (discussed in § 5.2). We present here data from the SiC1 and LiF1 detectors, but we stress that the absolute fluxes are uncertain due to what appears to be the target drifting in and out of the aperture throughout the observation. For SMC-SMP 5, no useful data was acquired. In the case of LMC-SMP 29, voltage and alignment problems resulted in no reliable FUSE data being collected.
The FUSE spectra presented in this paper were obtained by combining the good data from different segments, weighted by detector sensitivity, and rebinning to a uniform dispersion of 0.05 Å.
UV and Optical Data
Archival data from the HST's Faint Object Spectrograph (FOS) and Space Telescope Imaging Spectrograph (STIS) instruments were also used longwards of 1200 Å, as summarized in Table 2 . The FOS archive data were taken in the 1 ′′ aperture, whose actual diameter following the COSTAR installation is 0.86 ′′ . The angular sizes of the LMC PN are typically 1 ′′ , so the FOS spectroscopy includes the entire nebula (the exception is LMC-SMP 83, see Table 3 ). The utilized FOS dispersers include G130H ( ∆λ ∼ 1 Å), G190H ( ∆λ ∼ 1.5 Å), G270H ( ∆λ ∼ 2Å) and G400H ( ∆λ ∼ 3 Å). For LMC-SMP 83, medium-resolution STIS data is available, taken through the 52 ′′ x0.2 ′′ aperture with the G140L ( ∆λ ∼ 1.3 Å), G230L ( ∆λ ∼ 1.5 Å), G430L ( ∆λ ∼ 1.6 Å) and G750L ∆λ ∼ 1.6 Å) gratings.
Generally, the flux levels of the FUSE and FOS/STIS data in the region of overlap are in good agreement for the LMC observations, except for LMC-SMP 83, which is known to be variable ( § 5). The SMC sample contains more discrepancies, however. For SMC-SMP 22, the UV flux level is much higher than that of the far-UV (discussed more in § 5.2). For SMC-SMP 3 and SMC-SMP 1, the FUSE flux levels are higher by about a factor of 2 and 1.5 (respectively) than the FOS data. International Ultraviolet Explorer (IUE) spectra of these objects display similar flux levels as those of FOS, therefore we we have scaled the FUSE flux levels to that of the FOS in these instances.
DESCRIPTION OF THE SPECTRA
The reduced FUSE spectra for the LMC sample, along with line identifications, are shown in Fig. 1 , and the corresponding UV spectra are shown in Fig. 2 .
Wind features are definitely seen in the far-UV spectra of most stars: S VI λλ933,44, C III λ977, and S VI λλ933,44 are visible in LMC-SMP 1 and LMC-SMP 76. The latter also shows C III λ1175 and P V λλ1118,28. For LMC-SMP 50, the only feature obviously attributable to a stellar wind is O VI λλ1032,38. LMC-SMP 83 shows also nebular emission in O VI, implying a very hot central star (temperatures of T e f f 125 kK are needed to generate these lines through photoionization - Chu et al. 2004 ). In the far-UV spectra, H 2 absorption makes the continuum level very difficult to set ( § 4.1).
In the UV range, LMC-SMP 50 shows some nebular fea-tures and an underlying continuum, but strong stellar features are absent. LMC-SMP 83, LMC-SMP 1, and LMC-SMP 76 all display a P-Cygni profile of N V λλ1238,43, as well as C IV λλ1548,51 of different strengths. The blue edges of the P-Cygni profiles in both the far-UV and UV spectra indicate the terminal wind velocities of all objects are v ∞ ≃ 500 − 1000 km s −1 , except in the case of LMC-SMP 83 ( v ∞ ≃ 1600 km s −1 ) and SMC-SMP 3 ( v ∞ ≥ 2000 km s −1 ). The reduced FUSE, and archive UV, spectra for the SMC sample are shown in Fig. 3 and Fig. 4 , respectively. In the FUSE observations, nebular and airglow features contaminate the spectra (especially at short wavelengths). C III λ1175 is present in absorption in the spectra of SMC-SMP 1 and SMC-SMP 22. O VI λλ1032,38 nebular lines are also seen in the latter. The only wind features in the UV spectra are C IV λλ1548,51 seen in SMC-SMP 1. SMC-SMP 22 shows a more highly-ionized nebular spectrum than that of LMC-SMP 83.
MODELING
Modeling the central stars of the MC CSPN presents some challenges. First, their nebulae are typically compact ( 1 ′′ ), and in most cases entirely contained in the FOS aperture used in the archival data available. Their UV and optical spectra are frequently contaminated by the nebular continuum and lines, which obscure and sometimes entirely mask the stellar spectrum in these regions. Thus, one must rely on a smaller set of stellar features in the far-UV and UV to determine the stellar parameters. Second, the far-UV region, while not influenced by nebular continuum emission, is affected by absorption by electronic transitions of sight-line molecular hydrogen (H 2 ). In our objects, such absorptions cover the entire far-UV region. The analysis of the spectra consists of modeling the central star spectrum, the nebular continuum emission longwards of 1200 Å, and the sight-line Hydrogen (atomic and molecular) shortwards concurrently and to find a consistent solution. However, we discuss each in turn for clarity. The reddening has to be derived concurrently, but it is small in all cases, and therefore it does not contribute much to the uncertainties.
Throughout this paper, we adopt a LMC distance of D = 50.6 kpc (Feast 1991) , an SMC distance of D = 60.0 kpc (Harries et al. 2003) , an LMC metallicity of z = 0.4 Z ⊙ (Dufour 1984) , and an SMC metallicity of z = 0.1 Z ⊙ , with values of "solar" abundances from Grevesse & Sauval (1998) .
As with HB04, we assume Galactic foreground extinctions of 0.05 (Bessell 1991) , with the remainder being from the Magellanic Cloud. We use the Fitzpatrick (1999) reddening law for the LMC and the Cardelli et al. (1989) reddening law for the Galaxy ( R v = 3.1) extinction, extrapolated down to far-UV wavelengths.
4.1. Molecular and Atomic Hydrogen Absorption due to atomic (H I) and molecular hydrogen (H 2 ) along the sight-line often complicates the far-UV spectra of these objects. Toward a CSPN, this sight-line material typically consists of interstellar and circumstellar components (e.g., Herald & Bianchi 2002 , 2004a . Material comprising the circumstellar H I and H 2 presumably was ejected from the star earlier in its history, and is thus important from an evolutionary perspective.
The H 2 transitions in the FUSE range are from the Lyman (
We (HB04) found that, for our previous LMC CSPN, a significant amount of hot (i.e., T 2000 K) H 2 lies along the sight-lines, presumably associated with the nebula. At such temperatures, higher vibrational states become populated and the absorption pattern is much more complex, obscuring the entire far-UV continuum spectrum (see Fig. 5 of HB04 ). With care, the effects of such a gas can be accounted for and strong stellar features can be discerned, but weaker stellar features will be unrecoverable.
We have modeled the H 2 toward our sample CSPN in the following manner. For a given column density (N) and gas temperature (T ), the absorption profile of each line is calculated by multiplying the line core optical depth (τ 0 ) by the Voigt profile [H(a, x) ] (normalized to unity) where x is the frequency in Doppler units and a is the ratio of the line damping constant to the Doppler width (the "b" parameter). The observed flux is then F obs = exp [−τ 0 H(a, x)] × F intrinsic . We first assume the presence of an interstellar component with T = 80 K (corresponding to the mean temperature of the ISM - Hughes et al. 1971 ) and v turb = 10 km s −1 . The column density of this interstellar component is estimated by fitting its strongest transitions. If additional absorption features due to higher-energy H 2 transitions are observed, a second (hotter) component is added, presumed to be associated with the nebula. We thus velocity-shift the H 2 absorption features of the circumstellar component to the radial velocity (from Table 3 ) of the particular star. HB04 found that, typically, the absorption pattern of the circumstellar hot H 2 was adequately fit by absorption models with T e f f ≃ 2000 K and log N ≃ 16.7 cm −2 , and the reader is referred to that work for a more detailed discussion of the H 2 fitting. We note that our terminology of "circumstellar" and "interstellar" components is a simplification, indicating that we assume the "cool" component to be mostly interstellar and the "hot" component mostly circumstellar. However, the column density derived for the cooler "interstellar" component may also include circumstellar H 2 . Our derived parameters for sight-line Hydrogen are shown in Table 5 . Note for some objects (e.g., LMC-SMP 29 and SMC-SMP 1), we have not attempted to fit the H 2 spectrum, due to the lack of useful FUSE data. If a number appears in the table without uncertainties, that value has been assumed rather than derived. Molecular hydrogen disassociates around T ≃ 2500, so such high temperatures are signs of non-equilibrium conditions (note our models assume thermal populations). Such H 2 characteristics are observed in shocked regions. A shocked region is likely complex, containing areas of H 2 of differing characteristics. Because of the high complexity of the absorption pattern at these hot temperatures, we did not attempt to fit every feature, but the absorption pattern in the far-UV as a whole, to a point where the stellar features could be identified and modeled.
When possible, H I column densities are determined from the Lyα and Lyβ features, which encompass both the interstellar and possible nebular components. The absorption profiles of H I are calculated in a similar fashion as described above for H 2 .
We also list in Table 5 the reddenings implied by our measured column densities of H I using the relationship N(H I)/ E B−V = 4.8 x10 21 cm −2 mag −1 (Bohlin et al. 1978) , which represents typical conditions in the (Galactic) ISM.
The Nebular Continuum
Nebular parameters taken from the literature for the program objects are compiled in Table 3 . They include the angular size of the nebula θ, the nebular radius r neb , the expansion velocity v exp , the electron density n e , the electron temperature T e , the Hβ flux F Hβ , the Helium to Hydrogen ratio and the doubly to singly ionized Helium ratio. Values in bold are our derived values (see below). We also list the reddenings determined from literature values of the logarithmic extinction at Hβ using the relation c Hβ = 1.475 E B−V .
In some cases, the nebular continuum significantly contributes to the observed spectra at wavelengths 1200 Å and must be estimated to fit the data ( § 4.3).
The nebular continuum emission has been modeled using the code described in Bianchi et al. (1997) , which accounts for two-photon, H and He recombination, and free-free emission processes. The computed emissivity coefficient of the nebular gas is scaled as an initial approximation to the total flux at the Earth by deriving the emitting volume from the dereddened absolute Hβ flux. In the case of LMC-SMP 83, the nebula was not entirely contained within the aperture used for the STIS observations, and so we scaled the continuum by an appropriate geometrical factor (4A/πθ 2 where A is the area of the aperture in square arcseconds). T e and n e from the literature are used as initial inputs, and adjusted if necessary. LMC-SMP 1 and LMC-SMP 76 have no published values of the He 2+ /He + ratio. For these, we found adopting a ratio of 0 to produce satisfactory fits (these are relativity cooler objects). The values of F Hβ and c Hβ are perhaps the most uncertain, and we finally scale the nebular flux with the assumption that it is responsible for the majority of the flux at longer wavelengths. The nebular continuum flux level is further constrained not to exceed the P-Cygni troughs in the UV range. Our combined stellar and nebular models, along with the observations, are shown in Fig. 5. 
The Central Stars
To model the spectra of the central stars, we used CM-FGEN (Hillier & Miller 1998 , 1999 Hillier et al. 2003) , a line-blanketed code suitable for an extended, sphericallysymmetric expanding atmosphere. We also used the hydrostatic structures from TLUSTY (Hubeny & Lanz 1995) models as input to the CMFGEN models. TLUSTY calculates the atmospheric structure assuming a plane-parallel geometry. The detailed workings of the code are explained in the references above, here we give a brief descriptions of the salient features.
For CMFGEN models, the fundamental photospheric/wind parameters include T e f f , R * , the mass loss rateṀ, the elemental abundances, the velocity law and the wind terminal velocity, v ∞ . R * is taken to be the inner boundary of the model atmosphere (corresponding to a Rosseland optical depth of ∼ 20). The stellar temperature T * is related to the luminosity and radius by L = 4π R * 2 σ T * 4 , and the effective temperature ( T e f f ) is similarly defined but at a radius corresponding to a Rosseland optical depth of 2/3 ( R 2/3 ). The luminosity is conserved at all depths, so L = 4π R 2/3 2 σ T e f f 4 . We assumed what is essentially a standard velocity law for the stellar wind v(r) = v ∞ (1 − r 0 /r) β where r 0 is roughly equal to R * . The choice of velocity law mainly affects the profile shape, not the total optical depth of the wind lines, and does not greatly influence the derived stellar parameters. Once a velocity law is specified, the density structure of the wind ρ(r) is then parameterized by the mass-loss rateṀ through the equation of continuity:Ṁ = 4π R * 2 ρ(r)v(r). However, one actually can only deriveṀ sm =(Ṁ cl / √ f ) from the models, whereṀ sm andṀ cl are the smooth and clumped massloss rates, and the degree of clumpiness is parametrized by the filling factor ( f ). Both theory (Owocki et al. 1988 (Owocki et al. , 1994 and observations indicate that radiation driven winds are clumped to some extent. Unless otherwise noted,Ṁ refers toṀ sm throughout this paper.
It has been found that wind models with the same trans- et al. 1989 ) and v ∞ have the same ionization structure, temperature stratification and spectra (aside from appropriate scalings with R * - Schmutz et al. 1989; Hamann et al. 1993) . Thus, once the velocity law and abundances are set, one parameter may be fixed (say R * ) and parameter space can then be explored by varying only the other two parameters (e.g.,Ṁ and T e f f ). For opacities which are proportional to the square of the density, the optical depth of the wind scales as ∝ R t −3 , so R t can be thought of as an optical depth parameter.
In the CMFGEN models presented by HB04, a constant scale height (h) was adopted, which connects the spherically extended hydrostatic outer layers to the wind. The gravity is related to the scale height as h ∝ g −1 . Our models here differ in this respect, as instead of adopting a constant scale height, we have used the hydrostatic structures as generated from our TLUSTY models in the CMFGEN models, in the manner as described by Bouret et al. (2003) . Because of the severe H 2 absorption in the far-UV, and the masking of the stellar flux by the nebular continuum at longer wavelengths, the gravity cannot be well constrained in our analysis. Thus, we adopt gravities typical of CSPNe of the given T e f f , guided by the log g-T e f f relations of Vassiliadis & Wood (1994) (hereafter, VW94) (e.g., log g = 4.7 for T e f f ≃ 55 kK, log g = 6.0 for T e f f ≃ 100 kK, etc.). The wind features (used as diagnostics) are not very sensitive to the gravity, and typically the observed wind features can be fit with models of the same T e f f but with gravities differing by over a magnitude. Line profiles in the optical, which would provide good diagnostics of the gravity, are not available for our sample (the G750L STIS data of LMC-SMP 83 does cover the optical range, but due to its emission line spectrum, provides no useful gravity diagnostics).
Abundances and Model Ions
We note here that throughout this work, the nomenclature X i represents the mass fraction of element i, and ' X ⊙ " denotes the solar value. Following HB04, we adopted two model abundance patterns for the MC CSPN. The first, appropriate for "H-rich" CSPN, have solar abundances for H and He but assume LMC/SMC metallicities of z = 0.4/0.1 Z ⊙ for the metals. For the second, corresponding to "H-deficient" (or H-poor) CSPN, we have assumed no hydrogen and an abundance pattern of X He / X C / X N / X O = 0.55/0.37/0.01/0.08 with LMC/SMC metallicities of z = 0.4/0.1 Z ⊙ for the other elements (e.g., S, Si, & Fe). The abundances for the H-rich and H-deficient grids are summarized in Table 4 . H-deficient abundances (which are enriched in oxygen and carbon) are signs of He-burning. Normal, "H-rich" abundances can be seen when the star is either H or He-burning.
We mention here that there are no diagnostics in the far-UV or UV spectra of our objects that allow us to make a statement regarding their hydrogen/helium ratio. The handful of wind lines upon which we are basing our parameter determinations do not allow us to make firm statements regarding the specific abundances of a given element, but in most cases we are able to determine which grid is more appropriate based on the strength of carbon and oxygen features.
For the model ions, both TLUSTY and CMFGEN utilize the concept of "superlevels", whereby levels of similar energies are grouped together and treated as a single level in the rate equations (after Anderson 1989) . Ions and the number of levels and superlevels included in the model calculations, as well references to the atomic data, are given in the Appendix ( § A).
Diagnostics
Our sample covers a wide range of temperatures and massloss rates. As different diagnostics are used in different parameter regimes, we shall discuss the diagnostics used in a case-by-case basis ( § 5) and here we discuss only the more general diagnostics.
For stars showing strong wind features in their spectra, the terminal wind velocity ( v ∞ ) can be estimated from the blue edge of the P-Cygni absorption features. Strong P-Cygni profiles unobscured by H 2 absorption or nebular emission are rare in the far-UV spectra of our sample. We mostly used C IV λλ1548-51 (when present) for our initial estimate of v ∞ , and adjusted this value to match the wind lines. Due to lack of suitable diagnostics, we did not attempt to rigorously constrain the degree of clumping in the winds of our sample. In the parameter regime of our objects, the model spectra are mainly insensitive to f , except for O VI λλ1032,38 in the hotter models ( T e f f 50 kK) and P V λλ1118,28 for cooler models (HB04). We note here that the smooth mass-loss rateṀ sm is an upper limit of the actual mass-loss rate.
For the other parameters, we adopted the following method. We compared the observed spectra with the theoretical spectra of our model grids to determine the stellar parameters T e f f and R t (in the case of CMFGEN models) or T e f f and log g (in the cast of TLUSTY models). Far-UV and UV flux levels (corrected for the nebular contribution) were used to set R * (since the distance is known), and thusṀ and L can be derived from R t . Uncertainties in the quoted parameters reflect the range of acceptable model fits.
Typically, one determines T e f f by the ionization of the CNO elements. For these objects, we typically use C III/C IV and/or O IV/O V/O VI to constrain T e f f . It is desirable to use diagnostics from many elements to ensure consistency. The presence or absence of some features offer further constraints. For example, for mass-loss rates in the regime of our stars, Si IV λλ1394,1402 disappears at temperatures T e f f 50 kK, S IV λλ1062,1075 at ∼45 kK, and P V λλ 1118,28 at ∼60 kK. We generally use all wind lines to constrainṀ.
STELLAR MODELING RESULTS
Our derived central star parameters are summarized in Table 6. We also indicate the model abundances used for each object, and list the reddenings determined by fitting the multiple components to the far-UV/UV spectra. We now discuss the modeling diagnostics and results for the individual objects. (Fig. 6) The far-UV and UV spectra of this object are rich in wind features: S VI λλ933,44, C III λ977 & 1175, P V λλ1118,28, O VI λλ1032,38, N V λλ1238,43, O V λ1371, and C IV λλ1548,51. The O VI doublet has particularly strong absorption (but some of the emission seen includes O I airglow lines).
Results for LMC CSPN LMC-SMP 76
The strong carbon and oxygen spectrum exhibited by this object are best fit by models from our H-deficient grid (implying He-burning). In the model shown ( T e f f = 50 kK, M = 3.15 x10 −8 M ⊙ yr −1 ) most of the features mentioned above are fit adequately, except P V λλ1118,28 (which is weak) and C III λ1175 (which is strong). Adjusting the temperature/mass-loss rate within the quoted uncertainties alleviate these problems, at the expense of degrading the fits of some of the other diagnostics. In cooler models the C III features becomes too strong, unobserved Si IV λλ1394,1402 appears, and N V λλ 1238-43 disappears. Hotter models ( T e f f 60 kK) lose the C III lines. Models fail to duplicate the strong O VI line in any case, which requires T e f f 70 kK before it begins to be fit adequately. This problem is alleviated by including X-rays in the model atmosphere (discussed below). Based on the C III and C IV wind lines, we derive a terminal wind velocity of v ∞ = 1250 ± 250 km s −1 . Our parameters for this star fall between the (M i , M f ) = (1.0, 0.578) M ⊙ and (1.5, 0.626) (He-burning) tracks (z = 0.008) of VW94. This, combined with a better fit of the observation with models from our H-deficient (i.e., C and Oenriched) grid, cause us to conclude LMC-SMP 76 to be a He-burner. This is in contrast to Dopita et al. (1997) , who concluded this object to be H-burning from comparison with evolutionary tracks based on their higher derived luminosity of log L = 3.735 L ⊙ . They also inferred a very high nebular carbon abundance for this object, which is consistent with our findings that the wind is carbon-enriched. Bianchi et al. (1997) determined T e f f = 52 kK, v ∞ = 1500 km s −1 for this object by modeling its UV and optical spectra, basically confirmed by our analysis.
The FUSE spectra of this star show the signature of hot molecular hydrogen, which severely attenuates the stellar flux. We have fit the absorption pattern with circumstellar H 2 component having a temperature of T ≃ 3000 K.
As mentioned above, our models failed to fit the O VI λλ1032,38 line simultaneously with the other, lowerionization diagnostics. It is known that X-rays, arising from shocks believed to develop from instabilities in the radiationally-driven wind, are needed to explain observed O VI line profiles in O and early B-stars (Bianchi & Garcia 2002; Garcia & Bianchi 2004; Bianchi et al. 2006) . We thus calculated some models which include X-rays in the wind. CMFGEN implements X-rays as described in Martins et al. (2005) . In summary, shock sources are assumed to be distributed throughout the atmosphere once the wind achieves a certain velocity, with emissivities taken from Raymond & Smith (1977) . The shock parameters include the shock temperature (which controls the energy distribution of the shocks), the volume filling factor (which sets the level of emission), and the velocity of the wind where the shocks are switched on. For the starting velocity, we have used ∼ 400 km s −1 , as radiative shocks are believed to become important when the wind achieves this velocity. We adopted a shock temperature of 300 kK, typical of high energy photons in O type stars (Schulz et al. 2003; Cohen et al. 2003) , and adjusted the volume filling factor until adequate fits of the O VI feature were achieved. CMFGEN outputs the total X-ray luminosity, and the X-ray luminosities in the energy range above 1 and 0.1 keV, for the fluxes both absorbed by the wind, the X-ray flux which escapes. For our adopted parameters, the X-ray luminosity above 0.1 keV is about 5 times that above 1 keV. We found that for log L x / L bol −9.0, the strength of the absorption and the red emission components of the O VI P-Cygni profile were adequately duplicated (see example Fig. 7) , although the blue emission component is too strong (most probably due to our simple velocity law). For greater L x , the emission feature was a bit stronger than observed. Other spectral features did not change until log L x / L bol ≃ −6.0, at which point N IV λ955 decreased in strength. The O VI feature did not change with respect to our model without X-rays for log L x / L bol −10.0. Note that these X-ray luminosities represent the escaped X-ray flux, i.e., what would be observed. The actual X-ray energy input into the wind is ∼ 500 times more. Guerrero et al. (2001) discuss the possibility that shocks in the stellar wind may explain the observed, point-source X-ray fluxes (log L x / L bol −7.0) of the central star of the Cat's Eye nebula (NGC 6453). LMC-SMP 1 (Fig. 8) The spectrum of LMC-SMP 1 is similar to that of LMC-SMP 76, but with the wind features having a lower terminal velocity ( v ∞ 800 km s −1 ) and weaker oxygen signature. We can achieve adequate fits using either models from the H-rich or H-poor grid, with the former requiring higher massloss rates. We list both models in Table 6 , but only show the H-poor model in the figures. The higher temperature limit ( T e f f = 70 kK) fits the O VI λλ1032,38 absorption trough better. For the lower temperatures ( T e f f = 55 kK) and mass-loss rates, the C III λ1175 feature is too strong compared with the observations. In the UV, the N V λλ1238,43 and C IV λλ1548,51 are adequately fit with models in the quoted parameter range, but the O V λ1371 feature is always too strong (HB04 had similar problems with this line with some of their sample) in the case of either abundance pattern. The O IV λλ1339,43 feature is similarly too strong in the H-poor model spectra, while the carbon features are generally better-fit than with our H-rich model grid (probably indicating our adopted oxygen abundance is too high). The FUSE spectrum shows the absorption pattern from hot (T ≃ 3000 K) molecular hydrogen, which severely depresses the stellar flux. In comparison with LMC-SMP 76, this object has a higher luminosity and effective temperature, but a lower v ∞ (mass-loss rates are comparable). This could be explained by our finding that the wind of LMC-SMP 76 seems more obviously chemically enriched, and thus a higher opacity leading to a more efficient transfer of radiation-to-wind momentum. LMC-SMP 83 (Fig. 9) : LMC-SMP 83 is a bit of an oddball, for which the classification as a CSPN is a matter of current debate. The object is notable for multiple reasons. Between 1993 and 1994, its luminosity increased from log L = 4.6 to 5.6 ( L ⊙ ). The quiescent luminosity is already extreme for a CSPN (most LMC CSPN have log L 3.9 L ⊙ , e.g., Dopita & Meatheringham 1991a,b) , but is less luminous than any known massive WN (e.g., Hamann & Koesterke 1998) . Furthermore, it is unique in that it displays a [WN] spectrum (other LMC CSPN which have WR-type spectra show [WC] spectra). It has been the subject of a long-term monitoring campaign and UV spectra exist spanning many epochs. Hamann et al. (2003) (hereafter, HPGR) performed detailed UV and optical spectral modeling across these epochs, and found the following parameters to be constant: T * = 112 ± 20 kK, X H = 0.2, X N = 3 x10 −3 , X C ≤ 1 x10 −4 , X Fe = 2 x10 −4 . The increase in luminosity during outburst was apparently caused by an increase in massloss rate, which increased the effective radius. The nature of LMC-SMP 83 is debatable, and HPGR discuss many alternatives to the CSPN classification (e.g., single massive star, low-mass binary system with mass transfer, double degenerate merger). The main argument against the CSPN classification is its surface nitrogen-rich abundances, which are difficult to explain in the CSPN context.
In Fig. 10 , we show the absorption pattern of the interstellar hydrogen absorption component, and an additional hot circumstellar component applied to a flat continuum. There does appear to be an overall signature of hot H 2 in the data, although many minor features are not well fit. The H 2 absorptions are significant, and no obvious strong stellar features are apparent in the FUSE observations. Because the FUSE range offers no further stellar diagnostics, we have not performed much further modeling of this object beyond that of HPGR.
The FUSE flux levels are a factor of about 1.5 higher compared to the STIS data. LMC-SMP 83 was observed by STIS in 1999 and again in 2000, and comparison of these two data sets shows the 1999 continuum level in the 1250-1550 Å region to be about 95% that of the 2000 level measured 13 months later (the FUSE data was gathered about 1.5 yr after the 2000 STIS observations). As noted by Hamann et al. (2003) , there is very little change in the actual spectral features within this time. For this work we have used the 1999 STIS data set, because its signal to noise is superior to that of the 2000 data set, and scaled the FUSE data to the STIS flux levels.
We first computed a model with parameters similar to what HPGR found for the most recent epoch (2000): v ∞ = 1600 km s −1 , R * = 0.5 R ⊙ , T e f f = 95 kK, logṀ = −5.67 M ⊙ , and the constant parameters quoted above (abundances and T * ). However, rather than using their reddening (a Galactic foreground reddening of E B−V = 0.03 mag and an LMC reddening of E B−V = 0.13 mag), we used a smaller amount of reddening, to produce better agreement over our expanded wavelength range. The use of this less severe reddening results in a slightly smaller derived radius (and corresponding massloss rate) than those of HPGR. This model produced several He II features in the FUV which do not appear to be present in the observations. However, it is possible that severe absorption from a hot circumstellar H 2 gas ( § 4.1) could attenuate the He II features to agree with the observations, as shown in Fig. 9 . Another possibility is that the mass-loss rate has since declined to the point these features no longer appear in emission. Note that because we have essentially adopted the stellar parameters of this object from HPGR and not performed any further stellar modeling, we have omitted uncertainties for its stellar parameters in Table 6 . LMC-SMP 50 (Fig. 11) The photoionization temperature for this star is 100 kK (see Table 7 ), and we find that a H-rich model with T e f f ≃ 110 kK, log g ≃ 6.0, logṀ = −8.2 M ⊙ , v ∞ ≃ 500 km s −1 , R * ≃ 0.21 R ⊙ does an adequate job at fitting the most apparent wind feature displayed -that of the O VI doublet (see Fig. 1 ). These parameters lie slightly below the M init = 2.0 M ⊙ , M = 0.67 M ⊙ track of VW94. The rest of the theoretical spectrum is relatively featureless, however, whereas the FUSE and FOS display some complexity. Many of the absorption features in the shorter wavelength region of the FUSE spectrum can be attributed to molecular hydrogen, as shown in the figure. The poor quality of the observations make firm identification of stellar and interstellar features difficult. For example, the FOS spectra show a P-Cygni-like feature at λ1335, which might be a C II feature of stellar origin (indicating a much cooler object, possibly a companion) or possibly a circumstellar absorption feature in a relatively noisy spectrum that mimics an actual PCygni line. The lack of strong, clean stellar features prohibit a more rigorous determination of stellar parameters.
LMC-SMP 29
Along with SMC-SMP 22, the FOS spectra show show high-ionization lines (e.g., N V λλ1238,43) and have extreme photoionization temperatures (T ≃ 200 kK). Unfortunately, problems during the FUSE observation ( § 2) resulted in unreliable FUSE data for this object, which we have not attempted to model. We have also made no attempt to fit the interstellar Lyα absorption feature. (Fig. 12) There are no obvious wind features in the FOS spectrum of this object, and the FUSE spectrum only obviously shows the O VI resonance line. The FUSE spectrum is also contaminated by several strong airglow features, especially at shorter ( 1000 Å) wavelengths, and it shows a moderate H 2 signature, which we have fitted. This star has a relatively high photoionization temperature of T e f f = 92 kK (Table 7) . Given the paucity of wind diagnostics, we can only speak in general terms about its parameters. Models with 90 ≤ T e f f ≤ 100 kK with −8.0 < logṀ < −7.0 M ⊙ and v ∞ 2000 km s −1 adequately reproduce the O VI feature. Cooler temperatures and higher mass-loss rates typically show unobserved spectral features, and lower mass-loss rates result in a O VI weak compared to observations. Lower v ∞ results in both components of the O VI doublet being resolved -contrary to observations. However, the P-Cygni edge of the O VI feature is obscured by absorption due to Lyβ, so we cannot make a more precise measurement of v ∞ . We conclude by saying a H-rich model with temperatures consistent with the photo-ionization temperature withṀ and v ∞ within the previously stated limits fit the FUSE and FOS spectra adequately, with the caveat that these parameters are constrained mainly by the O VI doublet and the absence of other strong features. For comparison with evolutionary models, a T e f f = 95 kK model scaled to the observed FOS flux levels would have R * ≃ 0.32 R ⊙ , log L ≃ 3.8 L ⊙ . Comparison with the Z = 0.004, M init = 1.5 M ⊙ , M = 0.640 M ⊙ track of VW94 implies a post-AGB age of a few kyr.
Results for SMC CSPN SMC-SMP 3
For this object, as well as LMC-SMP 50, we have relied mainly on the O VI doublet as a diagnostic. In our discussion of LMC-SMP 76, we showed this line could be heavily influenced by X-rays, which might add additional uncertainty to parameters derived using this line. However, photoionization models indicate that SMC-SMP 3 (and LMC-SMP 50) are considerably hotter than LMC-SMP 76 ( T e f f 90 vs. ∼ 50 kK). The absence of low-ionization spectral features supports the idea that these two objects lie in this high temperature regime. Preliminary models computed by us indicate that, in this regime, the high temperatures alone are adequate to reproduce the observed O VI profile, and including reasonable amounts of X-rays in the model atmospheres does not alter this profile significantly. We plan a more detailed investigation of the role of X-rays in the winds of CSPN to be the subject of a future paper. SMC-SMP 1 (Fig. 13) Due to uncertainties with the FUSE observations, we have determined the characteristics of this object by mainly relying on wind features in its UV spectrum, using Si IV λλ1394,1402, and C IV λλ1548,51 as diagnostics. We have also used the far-UV C III λ1175 feature for guidance. These features indicate a relatively low terminal wind velocity of v ∞ ≃ 500 km s −1 . Because of the limited diagnostics, we have assumed normal, "H-rich" SMC abundances. Models of T e f f ≃ 37 kK produce acceptable fits to the UV spectrum (cooler temperatures weaken C IV λλ1548,51 unacceptably, and hotter temperatures prohibit the Si IV λλ1394,1402 and C III λ1175 features). However, we are unable to attain acceptable fits of the FUSE spectrum with our stellar models, even when incorporating various hydrogen absorption models. The limited wavelength coverage prevent a determination of E B−V from the spectral fitting, so we have simply adopted the value of E B−V = 0.16 (from Meatheringham & Dopita 1991a, see Table 3 ). We note that in Fig. 13 what appears to be strong stellar He II emission feature at λ1640 is actually multiple narrow emission features (one of which being nebular He II) blended together as a result of the binning for clarity. SMC-SMP 22 (Fig. 14) This star has a very high photoionization temperature of T e f f = 200 kK (Table 7 ). However, we are able to fit the FUSE spectrum well with a SMC-metallicity TLUSTY model of T e f f = 25 kK ( log g = 3.7). Most of the detailed structure is from Fe III, which is present in the atmosphere for T e f f 30 kK With z = 0.1 Z ⊙ , the C III λ1175 feature is a bit weak. Using LMC metallicity (z = 0.4 Z ⊙ ) the line is better fit, but a higher temperature ( T e f f = 25) is required to match the Fe III spectrum. We are able to fit its FUSE spectrum without invoking a hot circumstellar molecular gas as found in other MC CSPN.
The photometric SMC catalog of Zaritsky et al. (2002) lists an object 17.4 arcseconds away from our target (coordinates: 0 58 36.77 -71 36 6.23) with B-V = -0.26, U-B = -0.77. These colors are consistent with those of an early B-type star, which would have T e f f ∼ 20 kK. A main sequence star of this subtype would have R ≃ 4 R ⊙ and log g ≃ 4. Using a TLUSTY model with these parameters, and scaling the flux to the distance of the SMC (assuming a foreground reddening of 0.05) results in a far-UV flux level of ≃ 1 x10 −14 erg s −1 cm −2 −1 , about 80% of the flux levels of our FUSE observations. Scaling its flux by a factor of ≃ 1.5 to match the U-magnitude from the catalog (U= 16.38) results in essentially the far-UV flux levels of the FUSE observations. Given that the FUSE flux levels are several times higher than the FOS fluxes, we believe that the most likely explanation is that, due to the significant target drift experienced during the observation of this target ( § 2.1), the light from the B-type star entered the FUSE aperture to some extent, and the FUSE spectra are dominated by this other object, rather than the target. Thus we exclude this object from subsequent analysis.
DISCUSSION
In Table 7 , we present a combined summary of our findings here with those of HB04. We list temperatures derived from photo-ionization models (Dopita & Meatheringham 1991a,b; Dopita et al. 1997; Vassiliadis et al. 1998b ) as well as those from our stellar atmospheres analysis. We also list the measured terminal velocity of the wind, and the morphology of the surrounding PN. In Figs. 15 and 16 we plot our sample along with that of HB04 with the evolutionary tracks of VW94 for LMC and SMC metallicities, respectively (both hydrogen and helium burning tracks are shown). Most of the the LMC sample is seen to lie in the He-burning regime. VW94 found similar results when they plotted their tracks with the CSPN samples of Dopita & Meatheringham (1991a,b) (who derived parameters based on photoionization models), and attributed this result to the different timescales of the H and He-burning tracks. He-burners are expected to take several thousands of years to migrate across the interval log L ∼ 4.0-2.5 L ⊙ , whereas the H-burners only take 1000 years to span the same range. The tracks of VW94 apparently indicate that, as a consequence of their faster evolution to smaller luminosities, the LMC H-burners have already faded below the threshold of FUSE, as our sample represents the expected UV-brightest CSPN.
We found evidence of hot molecular hydrogen in the circumstellar environments of our previous sample of 7 LMC stars (HB04). Here we have made similar findings for our targets. This is further indication that hot H 2 in the circumstellar environments of PN is not uncommon (e.g., see Herald & Bianchi 2002 , 2004b for Galactic examples). H 2 may exist in clumps, shielded from the intense UV radiation fields by neutral and ionized hydrogen, as appears to be the case in the Helix nebula (Speck et al. 2002) . Speck et al. (2002) suggest that these clumps may form after the onset of the PN phase, arising from Rayleigh-Taylor instabilities at either the ionization front or the fast wind shock front. Theoretical models by Aleman & Gruenwald (2004) show that a significant amount of H 2 can survive within the ionized region of PN, and that the ratio of total H 2 to hydrogen mass inside the ionized region increases with the temperature of the central star. A correlation between the presence of H 2 line emission and the morphology of the PN has been noted by Zuckerman & Gatley (1988) ; Kastner et al. (1996) (known as "Gatley's rule").
For the stars analyzed in this paper, our derived effective temperatures are mostly in good agreement with those derived from photoionization models. For SMC-SMP 3, which shows sparse spectral diagnostics, a stellar model with a temperature of about the photoionization temperature (∼ 95 kK) fits the spectra adequately. The temperature derived through spectral modeling (by HPGR) of the enigmatic LMC-SMP 83 is significantly lower than through photoionization models (∼ 100 kK vs. 170 kK).
CONCLUSIONS
HB04 analyzed 6 LMC CSPN, and here we have analyzed FUSE observations of 4 additional LMC and 2 SMC CSPN. We determined the stellar parameters using the stellar atmosphere code CMFGEN to analyze their FUSE far-UV and HST UV spectra. In some cases, we also modeled the nebular continua (if it contaminates the UV spectra) and the atomic and molecular hydrogen absorption along the sightline (which severely affects the far-UV flux).
To summarize, we find:
• For those objects with photoionization temperatures between 30 T 100 kK, the temperatures determined via stellar modeling are in rough agreement. For LMC-SMP 83, our derived effective temperature of T e f f ≃ 95 kK, is significantly below the photoionization temperature of T = 170 kK. However, this unique object has shown substantial changes in its spectra (and, consequently, its parameters) over the past two decades.
• Most objects often have absorption features in the far-UV which could be attributed to very hot (T 2000 K) H 2 in their circumstellar environment. These temperatures may be due to the proximity of the nebulae to the star (see theoretical work of Aleman & Gruenwald 2004) , or perhaps due to shocks (as suggested by Speck et al. 2002) .
• The majority of our objects have v ∞ ≤ 1000 km s −1 . Two of the exceptions show signs of chemically enriched winds . For the other (SMC-SMP 3) the poor data quality prohibit a definitive statement about wind abundances from this spectral analysis.
• We find indications of X-rays in the winds of LMC-SMP 76. We are able to attain good fits consistently for the stronger wind features, except for the far-UV O VI λλ1032,38 doublet, which is too weak in our models unless X-rays are included in the calculations. Although it has been shown that X-rays are needed to replicate this feature for O and early Bstars (Bianchi & Garcia 2002; Garcia & Bianchi 2004; Bianchi et al. 2006) , this is the first case of a similar phenomena in CSPN winds.
• These FUSE observations add two cases to the small number of CSPN displaying nebular O VI λλ1032,38 (the first case, LMC-SMP 62, was reported by HB04).
By virtue of their membership of the Magellanic Clouds, the uncertainties in their distances is small, which carries over to the derived stellar parameters. This is a great advantage over Galactic CSPN, where the distance is the largest source of uncertainty in the analysis.
Our FUSE observations have allowed us to derive a set of stellar and wind parameters for CSPN of the Magellanic Clouds that are unhampered by the distance uncertainties that plague equivalent Galactic studies. In addition to revealing the flux of the hot star (which is obscured at longer wavelengths by the nebular flux), the far-UV observations also indicate that many of these young CSPN have hot molecular hydrogen in their nebulae, and are thus also giving insight into their circumstellar environments and histories.
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FIG. 1.-FUSE spectra of our LMC sample, velocity shifted to the rest frame of the central star (Table 3) , and re-binned to a resolution of 0.10Å. The more prominent stellar features and nebular emission lines are marked by black labels, airglow features are marked by the blue labels. Most objects seem to display wind lines to some extent. Nebular O VI emission appears in the spectra of LMC-SMP 83.
FIG. 2.-FOS and STIS (for LMC-SMP 83) spectra of our LMC sample, velocity shifted to the rest frame of the central star (Table 3) , and re-binned to a resolution of 0.25Å. The more prominent stellar features and nebular emission lines are marked with black labels, interstellar absorption features are marked with blue/gray labels. Most objects display wind lines to some extent. C IV λλ1548-51 appears as a P-Cygni profile in most. The spectra of LMC-SMP 50 and LMC-SMP 29 show emission lines from nebulae in high states of ionization.
FIG. 4.-UV spectra (FOS) of our SMC sample, velocity shifted to the rest frame of the central star (Table 3) , and re-binned to a resolution of 0.25Å. The more prominent stellar features and nebular emission lines are marked with black labels, airglow lines or interstellar absorption features are marked with blue/gray labels.
FIG. 5.-The MC CSPN spectra (black) are shown along with our stellar (pink/grey) and nebular continuum models (blue dashed). The sum of the models is shown by the red line. All models have been reddened with our determined values for E B−V (Table 6) , and the effects of hydrogen absorption (Table 5) Vassiliadis et al. (1996 Vassiliadis et al. ( , 1998a 
